Abstract Sepsis, a leading cause of death in hospitalized patients, is characterized by lethal systemic inflammatory responses. JAK2 is an essential tyrosine kinase modulating immune responses. However, the implications of JAK2 in infectious disorders remain undetermined. Here, we report that JAK2 inhibitors rescue animals from polymicrobial sepsis in a clinically relevant time frame. JAK2 inhibition with AG490 prevents NF-κB activation, modulates macrophage activation, and restrains the production of inflammatory cytokines. The inhibition of JAK2 blunted TNF production in both macrophages and splenocytes in a concentration-dependent manner. JAK2 inhibition specifically prevents LPS-induced STAT3 tyrosine phosphorylation without affecting serine phosphorylation in macrophages. JAK2 inhibitor prevents the activation of the canonical p65RelA/p50NF-κB1 pathway but not the other NF-κB proteins. In vivo, JAK2 inhibition restrains serum TNF levels by modulating TNF production in the lung and the spleen and protects mice from lethal endotoxemia in a concentration-dependent manner. AG490 also inhibits extracellular release of HMGB1 from macrophages and prevents an increase in serum HMGB1 levels during sepsis. JAK2 inhibition started at 24 h after the onset of sepsis rescued the mice from polymicrobial sepsis. Our study is the first experimental evidence that JAK2 inhibitors may provide a pharmacological advantage for the treatment of sepsis in a clinically relevant time frame.
Introduction
Sepsis remains a current challenge in modern medicine as it is the most common cause of death in hospitalized patients [1, 2] . Despite the recent advances in antibiotics and intensive care treatment, sepsis remains the third leading cause of death in developed countries [1, 3] . Albeit commonly originated by an infection, the pathogenesis of sepsis is driven by detrimental inflammatory responses produced by the host to the infection or trauma. Beneficial inflammatory cytokines are normally produced to confine and fight the infection. However, excessive cytokine production can be worse than the original stimuli and contribute to deleterious systemic inflammatory responses leading to cardiovascular collapse and multiple organ failure [3] [4] [5] . Tumor necrosis factor (TNF) is a characteristic inflammatory cytokine contributing to cardiovascular collapse in sepsis: recombinant TNF triggers the characteristic symptoms of "septic shock" and TNF neutralization can prevent septic shock in animals when administered before endotoxemia [4] . In addition to these "early" cytokines, other "late" inflammatory factors also contribute to the pathogenesis of sepsis. High mobility group B protein-1 (HMGB1) is an intracellular protein that functions as an inflammatory factor when released into the extracellular milieu by macrophages [6] . Extracellular HMGB1 is a characteristic "late" factor contributing to intestinal barrier dysfunction, vascular leakage, acute lung injury, and abrupt cardiac standstill in sepsis [7, 8] . These studies have increased the interest on the immunological mechanisms modulating cytokine production in infectious disorders.
We recently showed that nicotine can inhibit macrophages activation through a mechanism mediated by the alpha7 nicotinic acetylcholine receptor (alpha7nAChR) [9, 10] . Nicotine and acetylcholine inhibit the NF-κB pathway and prevent cytokine production via the alpha7nAChR [9] . In vivo, treatment with nicotine attenuates systemic inflammation, protects mice from lethal endotoxemia, and improves survival in polymicrobial sepsis [9] . Nicotinic agonists failed to improve survival in splenectomized animals, suggesting that they modulate systemic inflammation through a mechanism mediated by the spleen [11] . Since the clinical translation of this mechanism is limited by the collateral toxicity of nicotine, current efforts seeking selective strategies are directed to identify the specific antiinflammatory mechanism of this receptor. Recent studies suggested that activation of JAK2 mediates the antiinflammatory potential of nicotinic agonists in macrophages, and thus JAK2 activation may be beneficial in sepsis [12, 13] . Nicotine induces STAT3 tyrosine phosphorylation in macrophages via JAK2 because AG490, a well-established JAK2 inhibitor [14] , prevented this effect [12] . However, other studies suggest that JAK2 activation contributes to "early" inflammatory responses in sepsis and AG490 can inhibit cytokine production in macrophage cell lines [15] [16] [17] [18] [19] . Here, we analyzed whether JAK2 contributes to the anti-inflammatory potential of the alpha7nAChR and whether JAK2 may provide pharmacological advantages for sepsis.
Material and methods
Chemicals and reagents AG490 and LPS (Sigma-Aldrich, St. Louis, MO, USA) were dissolved, respectively, in 20 mM ethanol or PBS and were administered intraperitoneally at the indicated concentrations and time points.
Animal experiments All animal experiments conforms the National Institutes of Health Guidelines and were approved by the Institutional Animal Care and Use Committee of the UMDNJ-New Jersey Medical School. Six-to eight-weekold male wild-type C57BL/6J mice were purchased from The Jackson Laboratory. Animals were randomly grouped and investigators were blinded to the experimental treatment. Endotoxemia and cecal ligation and puncture were performed as we previously described in Wang et al. [9] . Briefly, Endotoxemia: endotoxin (Escherichia coli LPS 0111:B4; Sigma) was dissolved in sterile, pyrogen-free PBS, and sonicated for 30 min immediately before used intraperitoneally at the indicated concentration.
Cecal ligation and puncture Animals were anesthetized with ketamine (75 mg/kg, i.m.; Fort Dodge, Fort Dodge, IA, USA) and xylazine (20 mg/kg, i.m.; Boehringer Ingelheim, St. Joseph, MO, USA) and subjected to abdominal incision and ligation of the cecum at 5.0 mm from the cecal tip away from the ileocecal valve. The ligated cecal stump was punctured once with a 22-gauge needle, and stool was extruded (approx. 1 mm) to ascertain patency of puncture. Abdominal wound was closed in two layers, peritoneum and fascia separately to prevent leakage of fluid. To mimic clinical standards, the animals received antibiotic (7 mg/kg enrofloxacine) dissolved in 0.9% normal saline (20 ml/kg, s.c.) immediately after surgery and every 12 h during 3 days as recommended by manufacturer (Bayer, Shawnee Mission, KS, USA). After collection, the organs were homogenized (Homogenizer; Omni International, GA, USA) in lysis buffer (50 mM TrisHCl, 150 mM NaCl, 0.5% NPO4, 50 mM NaF, 0.2 mM NaPO4, 25 ug/ml aprotonin, 25 ug/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride). The resulting suspension was centrifuged (10,000 g for 25 min at 4°C), and the supernatant was collected for analyses. The protein concentration was quantified by the Bradford method (Bio-rad, Hercules, CA, USA).
Cell cultures Murine macrophages RAW264.7 and human peripheral blood monocytic THP1 cells (ATCC, Manassas, VA, USA) were cultured as we described in Wang et al [9] . Briefly, cells were grown in RMPI-1640 medium with Lglutamine (Gibco BRL, Rockville, MD, USA) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone Laboratories, Logan, UT, USA) at 37°C in a humidified incubator with 5% CO 2 . For experiments, cells were transferred to a 24-well polystyrene culture plates at 3×10 5 cells/well in 1-ml medium per well. After overnight incubation, the medium was removed and replaced with serum free OPTIMEM I medium. Cell cytotoxicity or survival was analyzed by using 10% of 5 mg/ml MTT solution in PBS, and the resulting solution was added to each well for 2 h. After removal of 800 ul, 200 ul of solubilizer solution (isopropanol, HCl, and Triton ×-100) was added to dissolve the formazan crystals. The absorbance at 540 nm was determined.
Cytokine, STAT3, and NF-κB analyses Blood was collected at the indicated time points, allowed to clot for 2 h at room temperature and centrifuged for 15 min at 2,000×g. Organs were collected and immediately homogenized in 4°C PBS. The homogenates were normalized by protein concentration and TNF concentration was analyzed by using the TNF ELISA kit (eBioscience, San Diego, CA, USA). TNF in the culture cells were analyzed at 3 h after stimulation. TNF levels in the serum and organs were analyzed at 90 min after the septic challenge. TNF concentration in major organs was normalized by protein concentration. Serum or conditioned media were concentrated by ultrafiltration using Centricon-10 (Millipore, Billerica, MA, USA), and the retentive fraction was resolved on 4-20% gradient SDS-PAGE gels and analyzed by Western blot using anti-HMGB1 Ab18256 from Abcam Inc. (Cambridge, MA, USA). Specific NF-κB protein binding to DNA was analyzed using the TransAM DNA-Binding ELISA (Active Motif; Cambridge, MA, USA) following manufacturer's instructions. STAT3 total protein and phosphorylation were analyzed using the antibodies STAT3 no. 9132, phospho STAT3 (Tyr705) and phospho STAT3 (Ser727) from Cell Signaling Technology, Danvers, MA, USA.
Statistical analyses All experiments were repeated at least three times per condition and the data are expressed as mean±standard deviation (STD). Statistical analyses were performed using the one way analysis of variance (ANOVA) with multiple pairwise comparisons with the Bonferroni's adjustment for multiple hypothesis testing. Normality and homogeneity of variance were confirmed. ANOVA was used to compare all treatments and specific pairwise comparisons as stated in the experiments. Statistical analyses of survival were determined using the logrank test. Kaplan-Meier product-limit method was used for survival graphs. P values <0.05 were considered statistically significant.
Results
JAK2 inhibition blunted LPS-induced TNF productionRaw264.7 macrophages and splenocytes showed higher sensitivity to LPS than THP1 cells (Fig. 1a) . The JAK2 inhibitor, AG490 was used to determine whether JAK2 mediates the anti-inflammatory potential of the alpha7-nAChR to inhibit TNF production in macrophages. Primary cultures of splenocytes were treated with the alpha7nAChR-agonist, choline alone or with AG490. Choline inhibited LPS-induced TNF production, but JAK2 inhibition failed to reestablish TNF production in the presence of choline (Fig. 1b) . Similar results were confirmed using other alpha7nAChR-agonists including nicotine and in other cell types including Raw264.7 and THP1 cells (data not shown). Those results suggested that JAK2 inhibition failed to prevent the anti-inflammatory potential of alpha7nAChR to inhibit TNF production in macrophages. Actually our results suggested that JAK2 inhibition prevented LPS-induced TNF production. To confirm that hypothesis, primary cultures of splenocytes were treated with AG490, and TNF production was analyzed in the conditioned media at 3 h after LPS stimulation. Trypan blue exclusion studies and MTT assay indicates that AG490 was not cytotoxic at the indicated concentrations. JAK2 inhibition prevented LPS-induced TNF production in a concentration-dependent manner in splenocytes (Fig. 1c) . Similar results were also found in Raw264.7 and THP1 cells (Fig. 1d) , yet AG490 appears to be more effective in these cell lines probably due to their cellular homogeneity as compared to primary culture of splenocytes. These results strongly suggested that JAK2 contributes to the innate immune responses induced during sepsis.
JAK2 inhibition prevented STAT3 tyrosine phosphorylation and NF-κB activation The implications of JAK2 in the LPS signaling were confirmed by analyzing STAT3 phosphorylation, the most characteristic substrate of JAK2 activation. In agreement with our previous results, LPS activated STAT3 tyrosine (Y705) phosphorylation in a concentration-dependent manner (Fig. 2a) . LPS also induced STAT3 serine (S727) dephosphorylation in a concentration-dependent manner. Since STAT3 tyrosine 705 (Y705) is the most characteristic substrate for JAK2, we confirmed that our treatment with AG490 inhibits STAT3 phosphorylation. JAK2-inactivation with AG490 prevented the LPS-induced STAT3 tyrosine phosphorylation in a concentration-dependent manner. Treatment with 10 uM AG490 inhibited STAT3 tyrosine phosphorylation by over 60%, and this effect was specific since the same treatment did not affect significantly the STAT3 serine phosphorylation (Fig. 2b) . In order to confirm the antiinflammatory potential of JAK2 inhibition, we analyzed its effect on NF-κB, a critical pathway for macrophage activation and cytokine production. LPS stimulated the canonical p65RelA/p50NF-κB1 by activating both p65RelA and p50NF-κB1 in a similar proportion (Fig. 3) . LPS failed to induce a statistical activation of the other NF-κB proteins including RelB, c-Rel, and p52NF-κB2. AG490 specifically JAK2 inhibition prevented serum HMGB1 and rescued mice from polymicrobial sepsis Pretreatment with AG490 30 min prior the LPS challenge prevented systemic inflammation and inhibited serum TNF levels in a concentration-dependent manner (Fig. 4a) . The most significant effect was observed at 10 mg/kg AG490 inhibiting serum TNF levels by ∼50%. The physiological mechanism of TNF regulation was analyzed in the major organs. Similar as we previously described [11] , endotoxin induced a massive production of TNF in the spleen that is released to the bloodstream. JAK2 inhibition by AG490 inhibited TNF levels in the spleen and the lung but not in liver or heart (Fig. 4b) . AG490 was more efficient in inhibiting TNF in the lung by ∼70% than in the spleen with ∼40% of inhibition. JAK2 inhibition improved survival in endotoxemic mice in a concentration-dependent manner (Fig. 4c ). Animals were monitored for 2 weeks and no late deaths were observed, suggesting that JAK2 inhibition conferred a lasting effect and did not merely delay the onset of death. The anti-inflammatory potential of JAK2 inhibition with AG490 was also analyzed in "late" inflammatory mediators, which provide a wider therapeutic time window for the treatment of sepsis. Raw264.7 cells were pretreated with AG490, and extracellular HMGB1 was analyzed in the in the conditioned media at 24 h after LPS stimulation. JAK2 inhibition with AG490 was not cytotoxic based on trypan blue exclusion studies and MTT assay. JAK2 inhibition prevented LPS-induced HMGB1 secretion in a concentration dependent manner (Fig. 5a) . The most significant effect was found at the higher concentration of AG490 (10 uM) with ∼80% HMGB1 inhibition. The antiinflammatory potential of AG490 to inhibit HMGB1 secretion was also analyzed in vivo. C57BL/6J mice were treated with vehicle or AG490 (10 mg/kg, i.p.), 30 min before the LPS challenge (6 mg/kg, i.p.). Serum HMGB1 was analyzed at 24 h after stimulation. AG490 inhibited the increase in serum HMGB1 levels of septic mice by ∼50% (Fig. 5b) . In addition to endotoxemia, we also studied the anti-inflammatory potential of AG490 in polymicrobial sepsis induced by cecal ligation and puncture, a more clinically relevant experimental model for human sepsis. Cecal ligation and puncture is an optimal experimental model to study inflammatory responses induced by both the polymicrobial peritonitis induced by the cecal puncture and the necrotic tissue induced by the cecal ligation. Together, our results suggest that JAK2 inhibition may provide a significant therapeutic time window to rescue animals from polymicrobial sepsis. To confirm this hypothesis, C57BL/6J mice were subjected to cecal ligation and puncture, and the AG490 treatment was delayed after the onset of the pathogenesis. AG490 treatment was started at 12 or 24 h after the septic challenge rescued mice from established sepsis and improved survival. A single dose of AG490 (5 mg/kg, i.p.) administered at 12 h after the onset of cecal ligation and puncture improved survival by over 65% (Fig. 5c) . Likewise, AG490 (5 mg/kg, i.p.) started at 24 h after the onset of the cecal ligation and puncture rescued the mice from polymicrobial sepsis. In the later experiment, AG490 was administered twice at 24 and 36 h after the onset of the sepsis and rescued the mice by improving survival ∼90% (Fig. 5d ). Animals were monitored for 2 weeks, and no late deaths were observed, indicating that JAK2 inhibition confers lasting protection, rescues animal from established peritonitis, and reverses the clinical signs of sepsis.
Discussion
JAK2 plays critical roles in the immune system, but its clinical implications in infectious disorders remain undetermined. Recent studies suggested that JAK2 activation may be beneficial in sepsis by mediating the antiinflammatory potential of the alpha7nAChR [12] . These studies indicated that AG490 (100 uM) inhibits STAT3 tyrosine phosphorylation induced by nicotine [12] . However, our results indicate that AG490 failed to reestablish cytokine production or prevent the anti-inflammatory potential of selective alpha7nAChR-agonists. These differences can be explained by the specificity of the nicotinic agonists and the treatment of AG490. In our study, JAK2 inhibition was confirmed by showing specific inhibition of STAT3 tyrosine phosphorylation without inducing cellular cytotoxicity or affecting STAT3 serine phosphorylation. Nicotine is a general agonist whereas choline appears to be a specific alpha7nAChR-agonist in immune cells [10, 20, 21] . Furthermore, our studies indicate that AG490 can be administered at low concentrations (<25 uM) without producing deleterious effects, but it becomes cytotoxic at higher concentrations. These results concur with previous studies indicating that low concentrations of AG490 (<25 uM) did not alter hematopoietic progenitor cells [14] . Together, these results indicated that JAK2 activation is not required for the anti-inflammatory potential of alpha7nAChR.
Our results indicate that JAK2 plays a critical role in sepsis by leading innate immune responses against bacterial endotoxin. The mechanism by which JAK2 modulates TNF concentration in major organs was normalized according to the total amount of protein (*p<0.05 vs LPS; n=6 mice/group). c Endotoxemic mice were treated with control vehicle or the indicated concentration of AG490, 30 min before LPS. Survival was analyzed for 2 weeks, and no late deaths were observed (*p<0.038 vs control, **p<0.0003 vs control, logrank survival test; n=20 animals/group) innate immune responses in sepsis is unknown. Our results indicated that JAK2 contributes to activate NF-κB in response to bacterial endotoxin. AG490 specifically inhibited the activation of the canonical NF-κB without affecting the other NF-κB pathways. The crosstalk between JAK2 and the NF-κB pathway was previously proposed in neurons by showing that JAK2 modulates the phosphorylation of the inhibitor of NF-κB (IκB) [22] . This pathway crosstalk has multiple clinical implications. Indeed, JAK2 is essential for erythropoiesis as JAK2-deficient mice die at an early stage of development from fetal anemia [23] . Interestingly, preconditioning with erythropoietin protects neurons during ischemic and degenerative damage via a JAK2-NF-κB signaling [22] . JAK2 inhibition with AG490 (10 uM) prevents erythropoietin-induced tyrosine phosphorylation of the NF-κB inhibitor and subsequent NF-κB activation in neurons [22] . Together, these studies support our results and suggest that a similar JAK2-NF-κB signaling can contribute to sepsis. The specificity of this mechanism inhibiting the canonical NF-κB (without affecting the other NF-κB pathways) and also inhibiting STAT3 tyrosine phosphorylation (without affecting its serine phosphorylation) appears to have significant implications modulating cell death. STAT3 serine phosphorylation appears essential for macrophages survival [24] and p65RelA [25] and IKKβ [26] knockout mice exhibit embryonic death produced by extensive TNF-mediated fetal hepatocyte apoptosis. Consistently, disruption of the TNF signaling, either by removing TNF or TNF-R1, prevents hepatocyte apoptosis in real −/− mice and allows embryonic development to birth [27] . In agreement with these studies, NF-κB inhibition after partial hepatectomy results in massive hepatocyte apoptosis and impaired liver function, and NF-κB activation in the liver prevents hepatic injury during ischemia and reperfusion [28] . These studies suggest that unspecific NF-κB inhibition may not generate an overall beneficial effect especially in the liver, unless the therapy targets specific organs, immune cells or NF-κB isoforms [29] . Noteworthy, AG490 inhibited TNF responses in the lung and the spleen but not in the liver. These results suggest that our strategy allowed TNF responses in the liver to prevent necrosis, but prevented the overzealous responses of the spleen. These results concur with the implications of the spleen in sepsis [11, 30] and clinical studies indicating that splenectomy reduces hospitalization and improves the prognosis and outcome in severe trauma [31] . Since our studies indicated that JAK2 inhibition improves survival in experimental sepsis and we did not observe organ dysfunction or liver injury, AG490 specificity may provide pharmacologic advantages to modulate NF-κB in particular organs or cells types. JAK2 inhibition with AG490 prevented the production of critical inflammatory factors contributing to sepsis including TNF and HMGB1. TNF is a characteristic immune cytokine produced under the regulation of the NF-κB. However, the inhibition of HMGB1 with AG490 has an additional value because of its clinical implications in sepsis and other infectious disorders. Unlike characteristic immune cytokines, HMGB1 is expressed in all cell types as a nuclear DNA-binding protein that functions as a structural cofactor. However, bacterial endotoxin activates macrophages to secrete HMGB1 into the extracellular milieu where HMGB1 becomes an inflammatory factor contributing to sepsis [7, 8] . Despite its clinical interest, the mechanism of HMGB1 secretion remains elusive and thereby the implications of JAK2. In vitro, LPS activates peritoneal macrophages appears to secrete HMGB1 through a mechanism mediated by JAK2 and both STAT1 and STAT3 [18] or the INF-JAK1-STAT1 pathway [19] . These results reveal the complexity of factors contributing to HMGB1 secretion in sepsis. Probably, one of the most interesting future questions is whether the JAK/STAT pathways are directly involved in the posttranslational modulation of HMGB1 (such as phosphorylation or acetylation) or whether they regulate HMGB1 secretion indirectly. Indeed, more recent studies indicate that HMGB1 can be "passively released" into the extracellular milieu from apoptotic or necrotic cells [30] . Giving these results, JAK2 and NF-κB may contribute to serum HMGB1 by modulating cell necrosis or survival during sepsis, as described above. This mechanism is clinically relevant because HMGB1 is a "late" mediator of sepsis that appears many hours after the onset of the disease. A major advantage of this mechanism is its potential to increase the therapeutic window for sepsis as it rescued animals from "established" lethal peritonitis even when the treatment with AG490 was started at 24 h after the septic challenge. By comparison with other targets, administration of anti-TNF antibodies increased mortality when administered after cecal perforation [32] . Anti-macrophage migration inhibitory factor antibodies are ineffective if administered more than 8 h after the induction of peritonitis [33] . The therapeutic window for alpha7nAChR in animals is also significantly wider than for lysophosphatidylcholine, which is only effective when treatment occurs within 10 h after cecal puncture [34] . Our results suggest that JAK2 may provide pharmacologic advantages for sepsis. However, further investigation is warranted to evaluate its potential clinical translation because as opposed to the experimental models using healthy animals, the clinical settings of sepsis typically involve elderly patients with previous disorders.
